Abstract. Five slow-worm species are distributed in the Palearctic region. Two species, Anguis fragilis and A. colchica, are native to Central Europe, where only limited information on the phylogeography of the genus exists. Here, we examined the situation in Poland and surrounding regions, where a mitochondrial contact zone between the species is expected. We used new mitochondrial DNA sequences and available published data from Central Europe and the northern Balkans. Haplotypes of both species were recorded in the study area. Anguis fragilis is represented by a single haplogroup, while A. colchica by three haplogroups. This suggests four independent sources/refugia for postglacial colonization of northern Central Europe. The mitochondrial contact zone seems to mirror the borders between lowlands of the North European Plain and East European Plain, and the south-eastern Poland uplands, while the Vistula River does not constitute a barrier. The presence of both species, A. fragilis and A. colchica, in Poland should also be considered for protection by the Polish conservation legislation.
A. colchica (Nordmann, 1840) from the eastern part of Europe and western Asia, A. graeca Bedriaga, 1881 from the Balkans, and A. veronensis Pollini, 1818 from the Italian Peninsula and south-eastern France (Gvoždík et al., 2010 . Two species are native to Central Europe: A. fragilis and A. colchica (uncorrected pdistances 8.1% in the mitochondrial ND2 gene; Gvoždík et al., 2010) , which were for a long time previously treated as subspecies of A. fragilis (e.g., Arnold, 2002) . The phylogeography and postglacial colonization history of the genus Anguis have been studied in the area of southern Europe Thanou et al., 2014; Jablonski et al., 2016) , where slow-worm populations are represented by haplogroups with restricted distributions and high level of haplotype diversity shaped, among others, by the heterogeneous topography (Jablonski et al., 2016) . These populations have not dispersed much from their refugial areas. On the other hand, only limited information is available for the Central or Northern European space (Gvoždík et al., 2010 (Gvoždík et al., , 2015a Szabó and Vörös, 2014) .
In Poland, based on morphological data and the former subspecies concept A. colchica was suggested to be present by some authors (e.g. Dely, 1972) but only A. fragilis was listed by others (e.g. Juszczyk, 1987) . The presence of A. colchica haplotypes was definitively confirmed by molecular analyses by Gvoždík et al. (2010 . Nevertheless, discussions still persist about differentiation of both species and where there is a contact zone between them (Skórzewski et al., 2012; Skórzewski, 2017) . The above is even more interesting if we consider that hybridization occurs between A. fragilis and A. colchica (Szabó and Vörös, 2014; Gvoždík et al., 2015a) . Current data on slowworm distribution in Poland indicate that both species may occur in close parapatry and show that the genus is widespread all over the country (mostly in forested regions; Skórzewski, 2017) . Due to the fact that the two slow-worm species are difficult to distinguish morphologically, the knowledge on distributions of the two slow-worm species has remained scarce and conflicting. Moreover, slow-worm populations are threatened in some parts of Poland and are of conservation concern (Głowaciński and Rafiński, 2003) , therefore, it is necessary to understand their taxonomic identification, distributions, and also the area of the contact zone between the species as well as their ecological differentiation.
In the present study, we aim to use new sequences of the mitochondrial DNA (mtDNA) to i) provide information on distributions of A. fragilis and A. colchica haplotypes in Poland, and to detect an approximate area of the contact zone; ii) find out mtDNA structure in the Central European space; and iii) postulate a scenario of postglacial colonizations of Central and Northern Europe in the context of previously published (Szabó and Vörös, 2014; Jablonski et al., 2016) (Gvoždík et al., 2010 Szabó and Vörös, 2014; Jablonski et al., 2016;  fig. 1 ). The final dataset focused on the area of interest thus contained only sequences of the Illyrian-Central European (ICE) haplogroup of A. fragilis, and four haplogroups of the Carpathian lineage of A. colchica as previously defined by Jablonski et al. (2016) . The laboratory procedures, DNA sequence evaluation and haplotype-network constructions followed Jablonski et al. (2016) . Haplotype networks were constructed using the 95% limit of parsimony as implemented in TCS 1.21 (Clement et al., 2000) and results visualized with tcsBU (dos Santos et al., 2016) . No stop codons were detected when the sequences were translated using the vertebrate mitochondrial genetic code in the program DnaSP 5.10 (Librado and Rozas, 2009). The same program was used to estimate genetic diversity and uncorrected p-distances of slow-worms in Poland: number of haplotypes (h), haplotype diversity (h d ), number of segregating sites (S), nucleotide diversity (π ), parsimony informative sites (P ), and Watterson's theta per site (θ W ). New nucleotide sequences have been deposited in GenBank under accession numbers MF817454-MF817493.
Anguis fragilis shows low genetic diversity within Central Europe, specifically within the ICE haplogroup, with only two haplotypes found in Poland (out of 27 presently known haplotypes of the ICE haplogroup; fig. 1 , table 2) -one widespread and one haplotype found only in one specimen from north-western Poland (Szczecin Dabie). Estimates of genetic diversity for this species in Poland are very low (table 2) . Haplotypes of the ICE haplogroup were so far detected through the north-western Balkans, western Hungary, Austria, Germany, Czech Republic, Slovakia, southern Great Britain, Spain and herein for the first time in Russia (exclave Kaliningrad Oblast), southern Sweden and southern Norway (the most common and widespread haplotype f1; fig. 1 ). In Poland, A. fragilis haplotypes occur in northern, western and central parts of the country with the most south-eastern records from near Prudnik town ( fig. 1) .
Anguis colchica is represented by the Incerta clade (i.e., A. colchica incerta Krynicki, 1837; Gvoždík et al., 2010; Jablonski et Jablonski et al., 2016) are marked in bold. For details on two additional samples of A. colchica from Poland (Boćki = haplotype c4, Kamieniec = haplotype c12) see Gvoždík et al. (2010 Gvoždík et al. ( , 2013 (Gvoždík et al., 2010 Szabó and Vörös, 2014; Jablonski et al., 2016;  terminology as well as colours of haplogroups follows the latter publication). The dashed orange line denotes approximate location of the mitochondrial contact zone between the species. Whitish transparent shading shows the distribution range of the genus. Question marks denote missing phylogeographic data. Small black dots in the haplotype networks represent unsampled or extinct haplotypes. Bold lines of haplotypes in the networks highlight haplotypes found in the present study (including outside Poland). For clear association of the found haplotypes to the previously published haplotypes (based on a longer mtDNA fragment), we list GenBank numbers and the original haplotype name: f1 -f3, f7, f12, f13 (A. fragilis) and c1 -c6, c12 (A. colchica); Gvoždík et al. (2010 Gvoždík et al. ( , 2013 . "S" in the inset map indicates specimens identified based on the morphology (Skórzewski, 2017). Geographically, most of Poland is inhabited by A. fragilis, which is distributed throughout lowlands of the North European Plain and in the Bohemian Massif (Sudetes Mts.) in the south. Its range margin in the north-east is not yet well known with A. fragilis haplotypes recorded from near Szczytno town in Poland and the south-western Kaliningrad Oblast of Russia, which indicates a presence of A. fragilis northward along the coast of the Baltics. Anguis colchica haplotypes are distributed in the lesser Poland uplands and the East European Plain of south-eastern and eastern Poland. Thus, the contact zone between the species in Poland seems to mirror the borders between lowlands of the North European Plain and East European Plain, and the south-eastern Poland uplands, while the Vistula River does not constitute a barrier.
The ICE haplogroup of A. fragilis and the three haplogroups of the Carpathian lineage of A. colchica colonized broad areas of temperate Europe probably from their northern extraMediterranean refugia, presumably localized in the Dinarides or the western Pannonian Plain in A. fragilis, and the Carpathians in A. colchica, respectively (Jablonski et al., 2016) . This was possible because most mountain ranges remained ice-free during the Last Glacial Maximum (Reuther et al., 2007) .
The star-like topology of the haplotype network in the ICE A. fragilis, along with the inferred historical demographic model (Jablonski et al., 2016) , suggests a population expansion of this haplogroup, including a spatial expansion into more northerly located regions. This haplogroup reached Scandinavia probably in the early Holocene as this northern peninsula was connected with the mainland via Jutland (Björck, 1995) . On the contrary, the history of A. colchica in northern Central Europe has had a different pattern because the region was obviously colonized by at least three different population sources. One haplogroup (Carpathian I), which also shows a star-like pattern in the haplotype network, almost certainly colonized the northern Central Europe and surrounding regions from the central or southern Carpathians, while the geographic origin of the other two haplogroups present in northern Central and Eastern Europe is not yet known. Their refugia were either located in the Carpathians (Jablonski et al., 2016) or possibly somewhere in the East European Plain. To obtain a clearer picture of the phylogeography and colonization routes in the north-eastern part of the slowworm range, a better sampling from Eastern Europe is needed. As mentioned above, a questionable situation still remains in the region along the coast of the Baltic countries and Finland, which might have been colonized by both species, but data are still lacking.
Similar colonization patterns of northern Central and Northern Europe were also observed in the European pond turtle (Emys orbicularis; Sommer et al., 2009) or the grass snake (Natrix natrix; Kindler et al., 2013 Kindler et al., , 2014 . Three haplogroups of the grass snake found in Poland were sourced from three distinct glacial refugia with one located in the east (probably the Caucasus region), and two in the south, probably south of the Danube Basin (Kindler et al., 2013) . Another similar phylogeographic scheme, although with a different location of the mitochondrial contact zone located along the Vistula River, was found in tree frogs (Hyla; Stöck et al., 2012; Gvoždík et al., 2015b) . Hyla arborea is distributed in the western part of Poland and its glacial refugium was located in the Balkans (Dufresnes et al., 2013) , while H. orientalis occurs in eastern Poland and the most probable refugium for this species was in the Black Sea area (Dufresnes et al., 2016) .
We acknowledge that the distribution patterns revealed here may not fully represent species distributions due to the specific characteristics of mtDNA (maternal and clonal inheritance, reduced effective population size, sexspecific dispersal, relatively common interspecific introgression). The mitochondrial contact zone in northern Central Europe (Poland) between A. fragilis and A. colchica was probably formed by geomorphology of the landscape and ecological specifics of the two species. It is also worth noting that the extent of distribution of the most common haplotype of the ICE haplogroup of A. fragilis and the Carpathian Haplogroup I of A. colchica is very different. The first is distributed from the north-western Balkans to Scandinavia ( fig. 1 ) and the British Isles (Gvoždík et al., 2010) , while the latter only from the Romanian Apuseni Mts. to eastern Poland ( fig. 1 ). These different distributions could have been caused by different levels of plasticity to adapt to different environmental conditions. Therefore, slow-worm populations from areas without strong geographic barriers might be a good model to study the causality between genomic and environmental variation and the speed of dispersal.
Furthermore, our results should also be used as a first stepping stone for conservation legislation in Poland, because A. fragilis is the only species of the genus listed in the last regulation (16 December 2016) issued by the Ministry of the Environment. The different range sizes in Poland of A. fragilis (most of the country) and A. colchica (restricted to south-eastern and eastern regions) and different levels of genetic diversity in mtDNA (A. fragilis relatively low diversity, A. colchica diverse) must also be considered when conservation status is discussed. However, a more detailed sampling and further analyses, including investigations of nuclear genomes, remain necessary, as well as to confirm a possible presence of hybrids.
